Anion-selective detection is demonstrated for sulfate ion in aqueous solutions by using two-photon excited fluorescence of gold nanoparticles (AuNPs) modified with a thiourea-based anion receptor, bis[2-(3-(4-nitrophenyl)thioureido)ethyl]-disulfide. The fluorescent intensity increased with the change of the sulfate concentration in the solution from 10 -4 to 10 -3 M. In comparison with an unadsorbed receptor molecule in bulk acetonitrile solution, the molecule on AuNPs in water showed improved affinity for sulfate ion. The controllability of the hydrophobicity around receptor molecules on AuNPs is considered a dominant contributing factor for improved sulfate affinity. This unique feature of the surface enables us to detect anionic species in an aqueous phase where a dye-type indicator has poor sensitivity.
Introduction
The human body excretes specific chemicals, such as medicines and drugs, by sulfate ion conjugation with 3′-phosphoadenosine-5′-phosphosulfate (PAPS) in the presence of an enzyme called sulfotransferase. 1 Biomolecules resulting from metabolism of the drug are transferred into the urine through the kidney. Bodily functions are important for medical treatment with medications. Excess sulfate ion reduces the effectiveness of medicine while controlling the concentration of medicine in the entire body. 2 Furthermore, sulfated chemicals could cause various diseases when they accumulate in organs. 3 A highly selective probe can provide beneficial insight into pharmaceuticals by observing the distribution of sulfate ion in the human body. In addition, such a probe would facilitate in the diagnoses of kidney and urinary tract diseases as well as probe useful for monitoring the concentration of sulfate species in urine. Ion chromatography is generally used as a method of highly selective sulfate detection for aqueous samples, such as plasma and urine. 4 This instrumental analysis requires pretreatment of samples, such as separate extraction. Therefore, it is difficult to apply to in vivo imaging and chronic sensing for sulfate.
The dimethylsulfonazo III barium complex 5 is well known as a conventional indicator for sulfate. Detection using this method is highly sensitive for sulfate ion, although the detection scheme usually suffers from the presence of alkaline-earth metal ions. Furthermore, precipitation of barium sulfate is inevitable for detection. With these disadvantages, it is difficult to apply the barium complex to continuously and quantitatively monitor the concentration of sulfate species in the human body undergoing medical treatment. Neutral anion receptors are also known as indicators of sulfate species. [6] [7] [8] These receptors can overcome the disadvantages noted above because they form a complex with a target anion without any metal cation. They are highly sensitive and selective in non-aqueous solutions because the chromophore moiety changes its UV-visible absorption spectrum along with the complexation of the ionophore moiety with target ions via hydrogen bonds. 9, 10 In the aqueous phase, particularly urine and tissue fluid, however, their binding ability is often weaker because of hydration.
In this paper, to improve the binding ability of neutral anion receptors, originally designed receptor molecules were combined with gold nanoparticles (AuNPs). AuNPs modified with organic functional groups have been largely investigated in the fields of environmental, 11 biochemical, 12 and pharmaceutical sciences. 13 In the biological field, AuNPs are especially attracting much attention as labeling agents for microscopy, such as surface-enhanced coherent anti-Stokes Raman scattering microscopy, 14 dark-field microscopy, 15 and confocal microscopy. 16 These sensing methods rely on the unique characteristics of AuNPs, namely, ease of surface functionalization utilizing strong Au-S bonding and enormous optical absorption coefficient caused by the surface plasmon resonance. The controllability of the surface enables us to design the environment of the anion receptors surrounded by coexistence molecules. In the case of a gold surface modified with some functionalized molecules and long-alkyl thiol, the surface of nanoparticles is expected to become more hydrophobic. Hayashita et al. reported that neutral anion receptors in aqueous vesicle solutions have different selectivity for anion species from that of bulk solution. 17 As we apply neutral anion receptors to the surface of AuNPs, unique selectivity is expected in monomolecular membrane.
Effective methods for obtaining information of the molecular layer on the surface of AuNPs include optical measurements, such as optical second harmonic (SH) generation with hyper-Rayleigh scattering 18 and fluorescence by two-photon (TP) excitation with a near-infrared light that is transparent in biological organ, 19, 20 in addition to Förster resonance energy transfer, 21, 22 surface energy transfer, 23, 24 and surface-enhanced fluorescence. 25, 26 A neutral anion receptor at the liquid-liquid interface changes its SH light intensity when the ionophore moiety binds to the target anion. 27 It is also known that the fluorescence related to the hole-electron recombination process in nanoparticles is influenced by the polarity of surface molecules. 28, 29 Anion receptors in combination with photosensitive nanoparticles will be a good candidate for ion indicators. Based on this idea, selective detection for sulfate ion in an aqueous solution with the enhancement of the TP fluorescence of AuNPs was developed. This method is based on ion sensing with an anion-receptor-mixed monolayer. To develop a method that can determine the ion concentration around nanoparticles in aqueous samples, such as biological organ and urine, the adsorption characteristics and ion selectivity of surface-modified AuNPs were examined.
Experimental

Reagents and chemicals
Hydrogen tetrachloroaurate(III) tetrahydrate, 11-bromo-1-undecene, cystamine dihydrochloride, 4-nitrophenyl isothiocyanate, 0.5 mol/L ethanolic solution of potassium hydroxide, tetrabutylammonium hydrogen sulfate and other organic solvents were purchased from Wako Pure Chemical Ind., Ltd. Thioacetic acid and a methanolic solution of trimethylammonium were obtained from Tokyo Chemical Ind. Co., Ltd. Anhydrous trisodium citrate and acetonitrile for high-performance liquid chromatography were purchased from Kishida Chemical Co., Ltd.
Synthesis of organic compounds
Bis[2-3-(4-nitrophenyl)thioureido)ethyl]disulfide (BNE) was synthesized from cystamine dihydrochloride and isothiocyanate derivatives. Cystamine dihydrochloride was dissolved in an ethanolic solution containing 2.05 equivalent of potassium hydroxide and heated at 80 C for 2 h. After removal of precipitated potassium chloride, the solution was mixed with 2 equivalents of 4-nitrophenyl isothiocyanate in ethanol and stirred for 2 h at 60 C. The obtained product was washed with ethanol and dried in vacuo. The completion of the reaction was confirmed with thin-layer chromatography. 1 
Preparation of gold nanoparticles modified with a mixed monolayer
Gold nanoparticles were synthesized with a conventional citrate-reduction method. 31 To modify the surface of AuNPs with the hydrophobic neutral anion receptor (BNE) and hydrophilic trimethylammonium salt (TMA), we applied an original modification procedure as described below. A 40-mL volume of a mixed acetonic solution, which contained 0.2 mM of BNE and 0.6 mM of TMA, was prepared. A 30-mL volume of an AuNPs colloidal solution was delivered by drops into the acetonic solution while stirring vigorously. After stirring for 30 min, surface-modified AuNPs with a blue color were precipitated. The mixture was stored under refrigeration overnight. The supernatant of the sample was decanted off, and the residue was washed with acetone once. The dried precipitate had a golden color. Finally, the AuNPs were redispersed into an aqueous solution of extra-pure KCl prepared with a neutralizing titration of 99.999% HCl and 99.99% KOH purchased from Sigma-Aldrich Co., Ltd. Thus, a purplish-red colored colloidal solution of AuNPs modified with an anion receptor was obtained.
Gold nanoparticles modified with TMA were synthesized in the same way.
Two-photon fluorescence measurements
Sample solutions of 4 mL volume were prepared by blending 0.5 mL of an AuNPs colloidal solution, various acids (H2SO4, HNO3, H2PO4, CH3COOH), deionized water, and 0.5 mL of an 80 mM HCl/KOH solution. HCl/KOH was used to adjust the solution pH at 2.5 and the ionic strength at 10 mM. The TP fluorescence of the sample was measured with the setup as shown in Fig. S1 (Supporting Information) 2 min after the HCl/KOH solution was added. As a light source, a mode-locked Ti:sapphire laser (Coherent, Mira 900) tuned to 780 nm in wavelength with a pulse width of 200 fs and a repetition rate of 76 MHz was employed. The power of the incident light was adjusted to 570 mW after passing through a red color filter (Toshiba, R69) and focused into the colloidal solution in a quartz cuvette (optical path, 1 cm) with a 50-mm focal length lens. The generated fluorescence was collected with a 40-mm focal length lens and the fundamental laser light was excluded with a dichroic mirror and bandpass filters (C-50S x2, Toshiba). The TP fluorescent light was introduced into a monochromator (Minimate, Spex Industries, Inc.) and the intensity was measured with a photomultiplier tube (PMT, R585, Hamamatsu Photonics K.K.) with a photon counting unit (C1230, Hamamatsu Photonics K.K.). The high voltage of PMT was fixed at -1200 V and dark signals were observed around 225 ± 25 counts/s. The average intensity was obtained by the measurement for 2 min at each point of data. A sample of purified water in a quartz cuvette was measured to determine the background intensity. All the data were obtained by subtracting the background intensity from the signal intensity of the AuNP solution at each wavelength. Calibration for the wavelength-dependent detection efficiency was performed with a standard light source unit (ESC-333, JASCO Corporation). To avoid the influence of thermal drifts on the efficiency of the detector, the fluorescent spectra of AuNPs with and without sulfuric acid were measured in succession. The UV-visible spectra of the surface-modified AuNPs with the pH adjusted at 2.5 and the ionic strength adjusted at 10 mM (or 150 mM) were also measured with a UV-visible spectrophotometer (UV2550, Shimazu Co., Ltd.).
Determination of the binding constant of anion receptor in acetonitrile
The UV-visible absorption spectra of BNE in acetonitrile were measured under the presence and absence of water. Sample acetonitrile solutions contained 2.5 × 10 -5 M of BNE and 0 -7 mM of tetrabutylammonium hydrogen sulfate. Solutions were mixed uniformly, and the UV-visible absorption spectra were measured 2 min later. Binding constants between BNE and HSO4 -were obtained with the Benesi-Hildebrand plot.
Results and Discussion
Using an original preparation procedure, two controversial characteristics of hydrophobic BNE and hydrophilic TMA were introduced on AuNPs at the same time. Figure 1 shows the transmission electron microscope (TEM) image of the sulfate probe. The average size of AuNPs is 17.1 ± 3.4 nm after modification and is 16.6 ± 3.2 nm (Fig. S2 , Supporting Information) before modification. From the UV-visible absorption spectra (shown in Figs. S3 and S4, Supporting Information), each sample had a single peak of the localized surface plasmon resonance at 520 nm. This suggests no aggregation.
Two-photon fluorescence spectra of synthesized sulfate ion probe are shown in Fig. 2A with 0.5 mM of sulfate ion and with no sulfate ion (blank). As a comparison, the spectra of AuNPs modified with only TMA were also measured (Fig. 2B) . The fluorescence intensity of AuNPs modified with both BNE and TMA was enhanced by the presence of sulfate ion in the solution at any measured wavelength while no enhancement was observed for AuNPs modified with TMA only. The common features for all spectra include the followings: (i) the peak at 390 nm is attributed to SH light resulting from hyper-Rayleigh scattering, 19 (ii) broad peak centered at ca. 530 nm is considered as the two-photon fluorescence of AuNPs. 32 Radiation results from the recombination of hole in Au-5d and electron in Au-6sp, [33] [34] [35] and (iii) at wavelengths longer than 550 nm, there is an edge part of another emission peak of AuNPs, although it is difficult to measure it with this setup. The wavelength of the peak is known as ca. 800 nm. 20 The peak position of the TP fluorescence spectra was unchanged in the presence of 0.5 mM sulfate ion. We do not think that the enhancement of fluorescence originates from surface molecules because BNE synthesized has a nonradiative 4-nitrophenylene group. As the two-photon action cross section of the AuNPs is more than 100 times larger than those of organic dyes, 20 AuNPs are attractive probes for TP fluorescence microscopy. These facts suggest that the fluorescence seems to come from AuNPs only. The formation of aggregated species 36 and change in polarity at the surface of nanoparticles 28 are known enhancement factors of TP fluorescence. Aggregation of AuNPs is generally accompanied with a change in extinction spectra. However, UV-visible spectra with the presence of 0.25 mM sulfuric acid (inserted in Fig. 3) showed no difference from identical conditions without sulfuric acid. This result suggests that the enhancement of TP fluorescence is not related to aggregation and further suggests changes in polarity around each nanoparticle.
Although the enhancement mechanism of the fluorescent intensity requires further discussion after various experimental results, we consider that the polarity change around the surface of AuNPs accelerates the rate of hole-electron recombination. It is possible that three kinds of anions: sulfate ion, bisulfate ion, and sulfuric acid can be adsorbed on the surface. As the pH of each solution was controlled at 2.5 and its ionic strength was kept at 10 mM with the HCl/KOH solution, we estimate the ratio of sulfate species in bulk solution with an acid dissociation constant as SO4 2- :HSO4 -= 70:30. Regarding the acid dissociation of adsorbed sulfuric acid on a Pt(111) electrode, 37 Kolics et al. reported that a positively charged surface tends to adsorb sulfate ion rather than bisulfate ion or sulfuric acid. The surface of our samples was covered with cationic molecules and positively charged (see Fig. S5 , Supporting Information). Therefore the ratio of SO4 2-at the surface is presumptively higher than that in bulk solution. The schematic behavior of the sulfate probe is described in Fig. 4 .
Concentration dependence of two-photon fluorescence for sulfate ion
The dependence of the fluorescent intensity of the sulfate probe on the concentration of sulfate was measured at 490 nm (Fig. 5A) . The intensity increased with the curve in the range of the sulfate concentration from 10 -4 to 10 -3 M. On the other hand, AuNPs modified with TMA had no concentration dependence for sulfuric acid (Fig. 5B) . If we make an assumption that the fluorescent intensity has a linear relationship with the amount of adsorbed sulfate ion, some kind of adsorption isotherm can be applied to the fluorescent intensity.
where C is the concentration of sulfuric acid in bulk solution, Imin TP fluorescent intensity of the blank solution, α the proportionality constant, and Γ(C) the surface excess of sulfate ion. As the sulfate ion has a negative charge, the theoretical fit with Langmuir's isotherm for neutral surface is not applicable to the plots in Fig. 5A . Instead, an adsorption isotherm of the Frumkin type 38,39 is generally used for a charged surface and ion. A model for the receptor-implanted cationic monolayer is proposed to explain the adsorption isotherm of our AuNPs. There are two planes on the surface of nanoparticles: the outermost plane of trimethylammonium cations of TMA and the inner receptor plane of BNE. The fluorescent intensity of the AuNPs modified with the anion receptor can be well fitted with an adsorption isotherm of the Frumkin type.
and
where Kapp is the apparent adsorption constant used as a fitting parameter, g the Frumkin parameter, θ the surface coverage of sulfate ion, and Γmax the maximum value of surface excess. Here, the occupancy θ is expressed as a function of the fluorescent intensity from the sample solution I and the blank solution Imin and the maximum intensity under a fluorescence intensity saturation Imax, used as a fitting parameter. From the results of the fitting procedure, Kapp and g were obtained as 350 M -1 and 1.5, respectively. The apparent adsorption constant Kapp does not consider the condensation of sulfate ion on the surface of AuNPs with electrostatic force. 40 A Frumkin-parameter expresses interactions between the adsorbed species. 38 , 41 The positive value of g indicates an attractive force between adsorbed species. This seems strange in this case of anion adsorption to the cationic surface. Mosier-Boss and Lieberman demonstrated the Frumkin type isotherm by a combination of the cationic self-assembled monolayer with an anion in solution with surface-enhanced Raman spectroscopy. 41, 42 They reported negative g values and claimed that the adsorbed anion neutralized the surface charge electrostatically and decreased the attractive force working between the surface and the anion. However, in our results, the greater the sulfate ion adsorption, the more positive the surface of the AuNPs. The surface potential of the AuNPs is mainly related to the outermost-cationic plane. On this plane, the chloride ion, which is the main component of the electrolyte in the sample solution, adsorbs electrostatically and non-specifically. On the other hand, a sulfate ion adsorbs to the inner receptor plane and eliminates two chloride ions on the outermost cationic plane. The replacement of ions increases the surface potential of the outermost-cationic plane and concentrates sulfate ions in the diffusion layer effectively. This alteration in the charge distribution induced a considerable attractive force between the sulfate ion and the surface. UV-visible absorption spectra of samples are shown in Fig. 3 . The ionic strength of these samples (150 mM) was set higher than that of the TP fluorescence measurement (10 mM) to observe the difference in interaction among nanoparticles as a change in absorbance. The decrease of the peak at 650 nm shows an increase of the electrostatic repulsive force among nanoparticles described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. 43 We examined the ζ-potential measurement for a similar material, a phosphate ion probe with AuNPs modified with a mixed monolayer of TMA and bis[2-(3-methylthioureido)ethyl]-disulfide (Fig. S5, Supporting Information) . The ζ-potential of AuNPs targeting for the phosphate ion was ca. 12 mV, which was 6 -10 mV higher than that of samples containing other anions. This data also suggests that the surface of AuNPs modified with thiourea derivative and TMA increases its attractive force for the target ion when it adsorbs the ion.
Selectivity for sulfuric acid
Selectivity for sulfate ion was also measured with the TP fluorescence method. As shown in Fig. 5A , the enhancement of TP fluorescence was observed only for sulfuric acid while there was no enhancement for other anions tested. On the other hand, small decreases of fluorescent intensity for other anions were measured. These decreases are attributed to coagulation of AuNPs caused by the decreasing surface potential. Neutralization of the surface potential occurs with non-specific adsorption of anions on the outermost-cationic plane, where the accumulation of anions does not result in enhancement of TP fluorescence. The coagulation of several nanoparticles reduces the number of nanoparticles per volume and causes a decrease of TP fluorescent intensity. Figure 5B shows the TP fluorescent intensity of AuNPs modified with TMA. There is no enhancement because there is no BNE to introduce the sulfate ion near the core gold nanoparticles. A decrease of TP fluorescent intensity was not observed for these AuNPs. This is because the surface of TMA-AuNPs is densely covered with the cationic molecule and TMA-AuNPs are more stable against aggregation than sulfate probe.
Comparison with bulk solution
The binding constant of BNE for bisulfate in acetonitrile was measured to analyze the surface hydrophobicity of modified AuNPs. The anion receptor (BNE) synthesized has nitro and thiourea groups located on the opposite side across the phenylene ring. The molecule has a strong absorption band related to intramolecular charge transfer (ICT). 17, 44 Figure 6 shows the UV-visible absorption spectra of BNE in acetonitrile. The peak at 339 nm is the ICT absorption band of BNE. In the presence of bisulfate ion, the ICT peak shifted to 346 nm. The coordinated sulfate ion pushes the electron around the thiourea group to the nitro group, moving the excitation energy of the ICT lower. The binding constant calculated with Benesi-Hildebrand plot was 1.4 × 10 3 M -1 and agreed closely with that reported in previous works. 44 The inset in Fig. 6 shows the binding constants of BNE with a small amount of water. The binding ability for bisulfate was completely inhibited under the condition of 5 volume % of water. This is because hydration with water hid the hydrogen bonding between BNE and bisulfate. From the results for bulk BNE in acetonitrile, the combination of BNE and TMA on AuNPs enabled BNE to bind with the sulfate ion in water under conditions of the local hydrophobicity.
Conclusions
Sulfate ion selective probing was demonstrated with the combination of AuNPs and neutral anion receptor surrounded in the bi-componential monolayer. With this system, the anion receptor molecule produces a complex with the sulfate ion in an aqueous solution. The two-photon excited fluorescence of this system was enhanced by increasing the concentration of the sulfate ion. The enhancement of the fluorescent intensity is related to a hole-electron recombination process and is sensitive to the change in surface polarity by anion adsorption. In other words, our AuNPs have the ability to detect a change in the surface potential caused by anion adsorption. 
Supporting Information
The experimental arrangement, the TEM image of AuNPs before surface modification, the UV-visible absorption spectra of AuNPs, and the referential ζ-potential measurement are available free of charge on the Web at http://www.jsac.or.jp/ analsci/.
